MCP-1 gene and the SNP in the CCR2 gene were examined by multivariate analysis. Results: Siblings were 32% males, with a mean age of 46 8 7 years, and 77 (24%) demonstrated carotid plaque. In multivariate analyses, the CC genotype of MCP-1 SNP rs2857656 was independently associated with plaque (p = 0.05). Subjects who had both the MCP-1 CC genotype and were heterozygotic or homozygotic for the CCR2 V64I genotype (rs1799864; n = 12) had an even higher risk of carotid atherosclerosis (odds ratio 6.14, 95% confidence interval 1.82-20.73; p = 0.0037). Conclusion: The MCP-1 rs2857656 CC genotype is independently associated with carotid artery plaque in African American from families with premature coronary artery disease. The combination of the MCP-1 CC homozygous genotype and the homozygotic or heterozygote CCR2 V64I genotype is associated with a particularly high prevalence of carotid artery plaque.
Monocyte chemoattractant protein 1 (MCP-1) and its receptor chemokine receptor 2 (CCR2) are proinflammatory molecules that play an important role in the early recruitment of monocytes following injury to the vascular wall and contribute to the development of atherosclerosis [6, 10, [11] [12] [13] [14] [15] [16] . The MCP-1 -2578 G/A single nucleotide polymorphism (SNP) has been associated with coronary artery disease (CAD) in studies in the Framingham cohort, a Tunisian population, and in our own study population [4] [5] [6] . Recently, an SNP causing an isoleucine-forvaline substitution at position 64 in the CCR2 receptor (CCR2, rs1799864) on chromosome 3 has been associated with ischemic cardiomyopathy and myocardial infarction in Czech populations [7, 8] . As yet, no study has identified any epistasis or synergy between SNPs in the MCP-1 and CCR2 genes and atherosclerotic disease [17] , nor have any SNPs in these genes been associated with a risk of carotid atherosclerosis.
Begun in 1983, the Johns Hopkins Sibling and Family Heart Study is a prospective study of the environmental and genetic causes of premature cardiovascular disease. Almost 900 probands have been identified with documented CAD before age 60, and the study has enrolled their healthy siblings (aged 30-59 years) for risk factor screening.
It was our goal to examine the relationship between (1) selected SNPs in the MCP-1 gene and its receptor CCR2, and (2) carotid plaque as identified by carotid ultrasound (CUS). We also examined the issue of any synergy between the well-characterized rs1799864 SNP in the CCR2 (rs1799864) gene and any SNPs in the MCP-1 gene in our black population.
Materials and Methods
Participants were screened in the Johns Hopkins Sibling and Family Heart Study. The study population was restricted to the healthy siblings of the probands who had CAD before the age of 60. The probands themselves were not included. All study participants were asymptomatic for any type of vascular disease. They included 325 African Americans who had undergone a CUS study and had contributed a blood sample for DNA. They were selected for genotyping of the MCP-1 and CCR-2 genes. All subjects were asymptomatic, without clinical signs of CAD or stroke and provided informed consent prior to any measurements.
Demographic information (age, sex, race, education) was selfreported by participants. Height and weight were measured, and the body mass index was calculated as weight (kg)/height (m 2 ). Obesity was determined through comparison with published standards [18] . All lipid and glucose values were obtained in the fasting state and were measured in a Clinical Laboratory Improvement Amendments-approved laboratory. Blood pressure was measured 3 times during the screening day, and the average of these readings was used in analyses. Hypertension was defined as an average blood pressure 6 140/90 mm Hg and/or use of antihypertensive medication. Diabetes was defined as glucose 1 6.94 mmol/l (125 mg/dl) and/or use of insulin or oral medication. Smoking status was self-reported and confirmed by exhaled carbon monoxide ( 6 8 defined a current smoker). All biometric data were obtained concurrently with the CUS.
All DNA was extracted from whole blood and purified with a 'Qiagen Kit,' using standard techniques. The DNA was frozen at -70 ° C until use. The following SNPs were genotyped in MCP-1: -2578 A/G (rs1024611), -2136 A/T (rs1024610), -362 G/C (rs2857656) and 903 C/T (rs4586). The V64I CCR2 (rs1799864) SNP was also genotyped. Genotyping was performed using TaqMan assays according to the manufacturer's instructions (Applied Biosystems, Foster City, Calif., USA) at the laboratories of the National Cancer Institute, using established protocols and probes (available upon request). No significant errors were detected in the repeat assay. All assays were performed under the supervision of Cheryl Winkler. Occult carotid atherosclerosis was identified by high-resolution extracranial CUS. Atherosclerotic plaques were defined visually as a focal encroachment into the vascular lumen of 1 1.0 mm in predefined areas (right distal common carotid artery, left distal common carotid artery, right bulb, left bulb, right proximal internal carotid artery, left proximal internal carotid artery). Imaging was performed by 2-dimensional B-mode ultrasound (Sonosite MicroMaxx ultrasound machine, 13-6 MHz linear probe). All measurements were completed by a trained ultrasonographer using digital calipers.
Study Design and Data Analysis
Three SNPs genotyped in the MCP-1 gene were chosen because of their position within the MCP-1 promoter region [-2578 A/G (rs1024611), -2136 A/T (rs1024610) and -362 G/C (rs2857656)]. These SNPs were thought most likely to have an influence on the transcriptional activity of MCP-1. Two (-2578 A/G and -2136 A/ T) were located more distally from the translation and transcriptional start site but were chosen because they have been implicated in atherosclerotic cardiac disease [4-6, 10, 19] . The third promoter SNP (-362 G/C) is located more proximally and lies in close proximity to a number of known transcription factor-binding regions. In particular, it is near the TRE region, known to be the site required to activate MCP-1 transcription in response to shear force on the vessel wall [20] . The remaining SNP in MCP-1 [903 C/T (rs4586)] is located in exon 2 of MCP-1; it has been haplotyped extensively and was included because of a previous association with giant cell arteritis and HIV [21, 22] .
Bivariate analyses using standard 2 analysis were performed to discern any apparent associations between individual SNPs and carotid atherosclerosis. We then constructed haplotypes with the 4 chosen MCP-1 SNPs and conducted a bivariate analysis comparing individual haplotypes with carotid atherosclerosis. Multivariate analyses were also performed with adjustment for age, sex, risk factors and non-independence within families and carotid atherosclerosis. Finally, we performed a multivariate analysis to find interactions between any MCP-1 SNP of interest and the heterozygote SNP configuration of the CCR2 (rs1799864). No homozygote CCR2 V64I genotypes (rs1799864) were observed in the group without plaque, 1 was observed in our affected group with plaque and 5 in the population as a whole.
Genetic associations between SNPs and the presence of carotid artery plaque were assessed by comparing genotypic frequencies between subjects with and without plaque, using Fisher's exact test; the odds ratios (ORs) with 95% confidence intervals (CIs) were also calculated. Multivariate logistic regression analyses were adjusted for age, sex, diabetes, current smoking status, systolic blood pressure, obesity, low-density lipoprotein cholesterol level and education level in our models. Non-independence within families was controlled for by using generalized estimating equations [23] [24] [25] . Best haplotype reconstruction frequencies were estimated using PHASE (version 2.1) [26, 27] . Haplotype frequencies between subjects with and without carotid artery plaque were screened by Fisher's exact test of 1 haplotype against all others; no association was found with any phenotype. Linkage disequilibrium was calculated between all pairs of markers using HAPLOVIEW [28] . Statistical analyses were performed with SAS software (version 9.1; SAS Institute Inc., Cary, N.C., USA) and SUDAAN (version 9.0.3; Research Triangle Institute, Research Triangle Park, N.C., USA), unless otherwise stated.
Results
The final study population included 325 apparently healthy brothers (31%, n = 102) and sisters (69%, n = 223) of 185 probands with premature CAD ( ! 60 years of age). No probands were included in the final analysis. The sample characteristics of this population by plaque status are described in table 1 . The SNPs selected and their allele frequencies are listed in table 2 . Seventy-seven subjects (24%) had evidence of carotid plaque (densities 1 1 mm). Using bivariable 2 analysis, we examined associations between individual SNPs and the presence of carotid artery plaque ( table 3 ) . One SNP, the MCP-1 -362 G/C (rs2857656), showed an association with carotid plaque in a recessive multivariate model. We calculated the degree of linkage disequilibrium (R 2 ) for all MCP-1 SNPs examined. The highest R 2 was 0.36 between rs1024611 and rs 2857656. The D prime value was high, but there was a low frequency of the minor alleles in the setting of In the multivariate adjusted analysis, a CC genotype at base -362 was associated with the presence of carotid artery plaque (OR 2.09, 95% CI 0.99-4.38; p = 0.05). The significance of the MCP-1 -362 G/C SNP (rs2857656) was independent of the other SNPs genotyped. Our analysis of the distal SNP MCP-1 -2578 A/G (rs1024611) and the CCR2 (rs1799864) in the multivariate model showed no relation between these SNPs and carotid plaque.
To address the issue of possible synergistic interaction between the -362G/C SNP in MCP-1 and the CCR2 (rs1799864), we performed multivariate logistic regression analysis, adjusting for the dependent variables listed above, but also including the MCP-1 -362 G/C SNP in a recessive model with the homozygote CC configuration and the CCR2 (rs1799864) A allele in homozygote or heterozygote configuration (i.e. AA + AG). Our analysis demonstrated a significant increase in the risk of carotid plaque in those subjects who were both homozygous (CC) for the MCP-1 -362 G/C SNP and homozygous or heterozygous for the CCR2 (rs1799864) A allele (AA or AG genotype) (OR 6.14, 95% CI 1.82-20.73) (see table 4 ).
Discussion
Recent investigations of the genetic risk factors that affect stroke have focused on the detection of stroke susceptibility factors. These susceptibility factors represent genetic traits that may be prevalent in populations which are beneficial under different circumstances at different times but may adversely affect individuals in old age or when exposed to stress from the environment. These genes can affect a wide array of biological systems and, under normal circumstances, may be beneficial. Other genetic stroke studies have focused on SNPs that affect genes in single molecules in biological systems associated with inflammation and endothelial activation. Examples of such molecules include matrix metalloproteinase type 2, cylcooxygenase 2, SERPINA-9 and the IL-2 receptor antagonist [29] [30] [31] [32] . We chose to look at SNPs affecting a key inflammatory biological system: the chemokine MCP-1. It is part of inflammation and is a key mediator in a biological system that plays a definitive and early role in atherosclerosis formation. It is responsible for the attraction of macrophages to the area of damage caused by fatty streaks in the vessel wall. Numerous studies have demonstrated the significance of this chemokine in animal models of atherosclerosis. Apolipoprotein E knockout mice without the CCR2 receptor have an increased risk of atherosclerosis formation [12] . Apolipoprotein E mice with augmented lymphocytes with increased MCP-1 secretion also have an increased risk of atherosclerosis formation [11] . Human studies have associated biologically active SNPs in the MCP-1 promoter as well as increased MCP-1 levels with an increased risk of CAD [1-5, 17, 19, 33] .
Studies involving the MCP-1/CCR2 biological system in human populations have previously focused on the -2578 A/G polymorphism (rs1024611) SNP in the MCP-1 promoter or on the CCR2 (rs1799864) receptor SNP. Both [4-8, 10, 19, 33] . Ours is the first study to report any association with the proximal MCP-1 promoter SNP MCP-1 -362 G/C (rs2857656) and atherosclerosis. It is also the first study to demonstrate synergy between the SNP MCP-1 -362 G/C (rs2857656) in MCP-1 and an SNP in its receptor CCR2 (rs1799864) in the development of atherosclerosis of any type. The detection of synergy between the 2 sites separated on 2 different chromosomes operating on different parts of the MCP-1/CCR2 messenger system strengthens our study, supporting the hypothesis of the independent effect of the MCP-1 CCR2 messenger system on carotid atherosclerosis. We chose the MCP-1 -362 G/C (rs2857656) SNP in consideration of unpublished data suggesting increased biological activity associated with the MCP-1 -362 G/C (rs2857656) SNP. Our data indicate that the MCP-1 -362 G/C (rs2857656) SNP creates a STAT binding site. Furthermore, we have created a luciferase construct, in which the -362 C SNP is associated with increased in vitro transcriptional activity. In addition, the SNP (-362 G/C) lies in close proximity to a number of known transcription factor-binding regions. In particular, it is near the TRE region, known to be the site required to activate MCP-1 transcription in response to shear force on the vessel wall [20] . The MCP-1 -362 G/C (rs2857656) SNP may increase transcription of MCP-1 and act in association with the CCR2 (rs1799864) SNP which increases the biological activity of the CCR2 receptor, to increase the biological activity of the MCP-1/CCR2 messenger system. The MCP-1/CCR2 system is known to affect the risk of atherosclerosis, and increased activity in the MCP-1/CCR2 system may increase the risk of atherosclerosis development.
Previous studies have noted an increased burden of disease from stroke and carotid atherosclerosis in African Americans [34] [35] [36] [37] [38] . There is an increase in the prevalence of the MCP-1 -362 SNP in African Americans while the CCR2 (rs1799864) SNP occurs with about equal frequency in both African Americans and Whites [22, 39] . It is possible the increased prevalence of the MCP-1 -362 SNP in the black population may contribute to the increased genetic susceptibility to carotid atherosclerosis observed in black populations [32, 40, 41] . Concordance of the MCP-1 SNP and the CCR2 SNP could be contributing to an increased risk of carotid atherosclerosis in African Americans. Confirmation of our findings in a different ethnic group, such as a white population, would support our assumptions. Examination of the effects of these SNPs on the prevalence of the carotid phenotype would allow us to make comparisons with black populations. In our sibling study population, the number of available Whites was not of sufficient size to allow for hypothesis testing. In addition, the lower frequency of the MCP-1 -362 G/C (rs2857656) SNP in white populations further reduced our power and limited the appropriateness of our available sample.
Our study requires repetition in larger populations. While the synergistic effect achieves acceptable significance with a p value of 0.0037, in this population of 325 individuals, the recessive model of the SNP MCP-1 -362 G/C (rs2857656) alone has a p value of 0.05 and demonstrates only borderline significance. The CCR2 (rs1799864) receptor SNP fails to achieve significance independently of the MCP-1 -362 G/C (rs2857656). This SNP has been strongly associated with CAD in larger populations, yet has never been associated with carotid atherosclerosis. It is necessary to repeat this study in a population with sufficient size to allow for the confirmation or refutation of an independent role of each of these SNPs on the risk of carotid atherosclerosis development as well as verifying their synergistic properties.
Conclusions
We detected synergy between MCP-1 SNP rs2857656 and an SNP in its receptor CCR2 (rs1799864). Our findings suggest that patients with both of these SNP variants may have an increased susceptibility to carotid atherosclerosis. African Americans have a greater frequency of the rs2857656 variant; therefore, they may also be at increased risk of carotid atherosclerosis. Additional studies in larger populations comparing Whites and African Americans are needed to confirm this possibility.
